Abstract: This review paper discusses how to develop, produce, sustain, and serve satellite climate data records (CDRs) in the context of transitioning research to operation (R2O). Requirements and critical procedures of producing various CDRs, including Fundamental CDRs (FCDRs), Thematic CDRs (TCDRs), Interim CDRs (ICDRs), and climate information records (CIRs) are discussed in detail, including radiance/reflectance and the essential climate variables (ECVs) of land, ocean, and atmosphere. Major international CDR initiatives, programs, and projects are summarized. Societal benefits of CDRs in various user sectors, including Agriculture, Forestry, Fisheries, Energy, Heath, Water, Transportation, and Tourism are also briefly discussed. The challenges and opportunities for CDR development, production and service are also addressed. It is essential to maintain credible CDR products by allowing free access to products and keeping the production process transparent by making source code and documentation available with the dataset.
Introduction
Due to rapid advances in the past half-century in climate observations, especially satellite observations from passive and active sensors of both geostationary and polar-orbiting satellites, climate observations are transitioning from the practice of individual, regional, and short-term observations to multiple, global, and long-term observations. Thus, long-term consistent Earth satellite observations-called climate data records (CDRs)-are becoming indispensable for providing information for improved detection, attribution, and prediction of global climate and environmental changes. They also help decision makers and society respond and adapt to climate change and variability in a resilient fashion [1] [2] [3] . The National Research Council of the U.S. National Academy of Science recommended the development of CDRs from environmental satellites in its 2004 and 2008 review reports [4, 5] . This review paper for the Special Issue of satellite climate data records and applications will provide a general overview of the development, production, and service of long-term satellite CDRs along with their application in the study of climate and environment changes covered in the literature. Opportunities and challenges for the CDR research and user communities will also be discussed.
CDRs and Development
A climate data record (CDR) is defined as a time series of measurements of sufficient length, consistency, and continuity to determine climate variability and change [4] . A Climate Information Record (CIR) is a time series derived from CDRs along with related in-situ and/or model data that provide specific information to address a specific climate application.
Satellite observations have been used to produce CDRs due to their global coverage and sufficient length of temporal coverage. In practical terms, this amounts to transforming satellite sensor data records (SDR) across decades from multiple satellite platforms into uninterrupted and coherent long-term SDR through re-calibration and reprocessing. The time series of inter-calibrated SDRs for a family of sensors together with the ancillary data used to calibrate them is a fundamental climate data record (FCDR). Then, a geophysical parameter (e.g., sea ice, clouds, etc.) is derived from a FCDR, which creates a thematic CDR (TCDR) often by blending satellite observations with in-situ data and model output.
Considering that there are users who require regular access to CDR data with low latency (e.g., daily or monthly updates) rather than a fully mature CDR product, an interim climate data record (ICDR) can be produced. This is accomplished by forward processing the CDR algorithm using near-real time observations. While this decreases the maturity of the CDR (by not having the retrospective calibration), the ICDR can be improved after the fact through retrospective calibration and reprocessing. Figure 1 shows the production pathways schematically for various CDR products (ICDR, FCDR, TCDR, and CIR) and their relative dependence, which is produced in either shortlydelayed or delayed fashions (compared to near-real time production) to meet the needs from different users. More details on the development and production of various types of CDR products in a sustainable way are provided in the following subsections. 
Calibration and FCDR
The cross-and inter-satellite calibration along with reprocessing is critical for the generation of all the FCDRs, since observations from multiple satellite platforms need to be smoothly and seamlessly stitched together to form a long-term homogenized record [6] . Current satellite instruments generally have more advanced on-board calibration technology, which leads to better 
The cross-and inter-satellite calibration along with reprocessing is critical for the generation of all the FCDRs, since observations from multiple satellite platforms need to be smoothly and seamlessly stitched together to form a long-term homogenized record [6] . Current satellite instruments generally have more advanced on-board calibration technology, which leads to better calibration accuracy and precision, so they are used to retrospectively calibrate their predecessor instruments [7, 8] .
Aside from the on-board calibration, vicarious calibration is normally needed to characterize the current satellite instrument performance and bring their radiometric measurements to climate quality before being used to cross-and inter-calibrate with legacy satellite instruments. Both artificial and natural sites, such as the under-orbit airplanes, deserts, ice domes, deep convective clouds (DCC), and the Moon [9] [10] [11] [12] [13] [14] [15] have been used for the post-launch vicarious calibration of satellite sensors. This vicarious calibration and on-board calibration strive to match the satellite radiometric measurements to the international standards (SI) [16] [17] [18] .
Reprocessing inter-and cross-calibrated satellite radiometric measurements using Sensor Data Record (SDR) production schemes will bring the SDRs to climate quality FCDRs. FCDRs are generally produced for orbital swath since they are mainly used as the inputs for the follow-on production of TCDRs. However, some FCDRs are produced by merging and mapping several observations into a defined grid to enhance its spatial and temporal coverage and resolution, such as the Geostationary Gridded Satellite (GridSat) IR Channel Brightness Temperature FCDR [19] .
Retrieval and TCDR
Retrieval algorithms developed for Environmental Data Record (EDR) production from SDR are normally used to produce TCDR from FCDR through reprocessing. The algorithms are usually updated through intensive validation to meet certain maturity criteria, such as those defined in Bates and Privette [20] . TCDRs are generally produced for Essential Climate Variables (ECVs) for land, ocean, and atmosphere, as defined by the Global Climate Observing System (GCOS) [2, 3] . The specifications given by GCOS for ECV data products are designed to provide information to characterize the state of the global climate system and enable long-term monitoring, which are considered most valuable to climate researches as a long-term dataset.
The retrieval algorithms developed for the current and future satellite observations are inevitably more sophisticated than that of legacy instruments, thus, seamlessly stitching the past, current, and future satellite observations together to produce long-term TCDRs is a challenge. Bias correction used for generating satellite TCDR products by using in-situ measurements or another climate-quality satellite observation [21] [22] [23] may help to effectively homogenize TCDRs produced from the algorithms developed differently for the past, current, and future instruments. Unified enterprise algorithms [24, 25] applicable to multiple sensors with different designs can be also a feasible solution.
Value-Added ICDR and CIR
The succession of satellites, with different designs and changing performance qualities, makes combining all past and current observations into a consistent long-term record a major challenge. In order to homogenize the satellite measurements across decades and multiple platforms, all the knowledge captured about the sensor characteristics, calibration, and performance must be applied retrospectively through reprocessing, which can be a time consuming task. Thus, the production and delivery of CDRs may not be able to meet the needs of the users who have requirements for near-real time or shortly delayed products. Considering that such users are more concerned with data timeliness than the maturity of the product, an ICDR can be produced by forward processing with the near-real time observations without retrospective calibration and cross-platform homogenization. This ICDR can be later re-processed to improve it to the full CDR maturity.
For tailored use of CDRs in various user sectors (such as agriculture, fishery, forestry, energy, health, water, transportation, tourism, etc.), CIRs are derived from CDRs to provide authoritative climate reference datasets for use by decision makers to devise strategies to respond and adapt to, as well as mitigate climate change impacts and trends. For example, various climate and environmental indices/indicators (or CIRs) have been developed by combining satellite CDRs with related in-situ and/or model data in the extreme context [26] [27] [28] , which have significant economic and societal implications [29] .
To produce a suite of CDRs (FCDR, TCDR, ICDR, and CIR) for sustaining climate information (see Figure 1 ) as well as serve the diverse needs of users (including academy, industry, government, and the general public), an architecture for CDR development and production is critical, such as the one illustrated in Bates et al. [3] . This architecture should be defined and developed using a systems engineering methodology that considers requirements definition, design, implementation, test, sustained operation and maintenance, and periodic improvements. At the same time, the development and production of a CDR requires the collaboration between experts in the climate community and experts in data management. The process is also informed by scientific application and associated user feedback on the accessibility and usability of the CDRs. Figure 2 provides a practical example of end-to-end production chain from FCDR through CIR. The Advanced Very High Resolution Radiometer (AVHRR) Pathfinder Atmospheres-Extended (PATMOS-x) reflectance FCDR at the top of the atmosphere (TOA) was derived from cross-and inter-satellite calibrations [7, 30] and used to generate the cloud fraction CDR [31, 32] . Then, both AVHRR PATMOS-x reflectance FCDR and cloud fraction CDR were used to produce the aerosol optical thickness (AOT) TCDR [33] , from which a CIR of long-term AOT trend was derived [34] . To produce a suite of CDRs (FCDR, TCDR, ICDR, and CIR) for sustaining climate information (see Figure 1 ) as well as serve the diverse needs of users (including academy, industry, government, and the general public), an architecture for CDR development and production is critical, such as the one illustrated in Bates et al. [3] . This architecture should be defined and developed using a systems engineering methodology that considers requirements definition, design, implementation, test, sustained operation and maintenance, and periodic improvements. At the same time, the development and production of a CDR requires the collaboration between experts in the climate community and experts in data management. The process is also informed by scientific application and associated user feedback on the accessibility and usability of the CDRs. Figure 2 provides a practical example of end-to-end production chain from FCDR through CIR. The Advanced Very High Resolution Radiometer (AVHRR) Pathfinder Atmospheres-Extended (PATMOS-x) reflectance FCDR at the top of the atmosphere (TOA) was derived from cross-and inter-satellite calibrations [7, 30] and used to generate the cloud fraction CDR [31, 32] . Then, both AVHRR PATMOS-x reflectance FCDR and cloud fraction CDR were used to produce the aerosol optical thickness (AOT) TCDR [33] , from which a CIR of long-term AOT trend was derived [34] . 
International Coordination
The CEOS/CGMS Working Group on Climate (WGClimate [35] ) was established in 2010 and is a joint group including Committee on Earth Observation Satellite (CEOS) Agencies and the Coordination Group for Meteorological Satellite (CGMS). The WGClimate coordinates and encourages collaborative activities between the world's major space agencies in the area of climate monitoring with the overarching goal to improve the systematic availability of Climate Data Records through the coordinated implementation and further development of a global architecture for climate monitoring from space. WGClimate facilitates the implementation and exploitation of ECV timeseries through coordination of the existing and substantial activities undertaken by CEOS Agencies and via strong collaboration with other CEOS Working Groups and Virtual Constellations. It also identifies multi-agency implementation teams for each product, reviews their actions, and ensures 
The CEOS/CGMS Working Group on Climate (WGClimate [35] ) was established in 2010 and is a joint group including Committee on Earth Observation Satellite (CEOS) Agencies and the Coordination Group for Meteorological Satellite (CGMS). The WGClimate coordinates and encourages collaborative activities between the world's major space agencies in the area of climate monitoring with the overarching goal to improve the systematic availability of Climate Data Records through the coordinated implementation and further development of a global architecture for climate monitoring from space. WGClimate facilitates the implementation and exploitation of ECV time-series through coordination of the existing and substantial activities undertaken by CEOS Agencies and via strong collaboration with other CEOS Working Groups and Virtual Constellations. It also identifies multi-agency implementation teams for each product, reviews their actions, and ensures that a coherent implementation plan exists for each and every product. In defining these implementation plans, WGClimate fully accounts for other pertinent international initiatives, such as Sustained, Coordinated Processing of Environmental Satellite Data for Climate Monitoring (SCOPE-CM [36] ). Within SCOPE-CM, the contributing organizations coordinate their scientific and technical development activities and cooperate on the basis of shared and distributed responsibilities for the generation of global products.
CDR Products and Applications
CDR products and derived CIRs have been widely used in various applications of environment and climate change research, including resource and risk management, decision support, and commercial impact assessment. Some of these CDR products and their important applications are briefly discussed in the following subsections.
CDRs and Scientific Applications
It is beyond the scope of this overview article to describe all application of CDRs. Therefore, we aim to provide a brief overview of the major international efforts to produce CDRs for scientific applications and show the breadth of climate variables that they cover. There are major initiatives across the globe for creating CDRs. We describe three such programs to create CDRs along with their major scientific applications.
NOAA Climate Data Record Program
The mission of National Oceanic and Atmospheric Administration's (NOAA) Climate Data Record Program (CDRP) is to develop and implement a robust, sustainable, and scientifically defensible approach to producing and preserving climate records from satellite data [3] . The CDR Program provides FCDRs for numerous satellite records and TCDRs for atmospheric, oceanic and terrestrial variables, a few of which are summarized here. The full operational CDRs produced and sustained by NOAA CDRP along with their related documents and source codes can be freely accessed at the CDRP website [37] .
-MSU/AMSU brightness temperatures: These are inter-calibrated brightness temperatures from microwave temperature sounding instruments: Microwave Sounding Unit (MSU)/Advanced Microwave Sounding Unit (AMSU), on-board NOAA and METOP (Meteorological Operational Satellite) operational polar orbiting satellites [38, 39] . These FCDRs are fundamental to climate monitoring because tropospheric and stratospheric temperature changes can be estimated from these datasets [40] .
The PATMOS-x product [32] provides a reflectance CDR for the visible channels of AVHRR on the Polar Operational Satellites (POES) and METOP platforms. Due to its length, the AVHRR data record offers a unique resource for multi-decadal climate studies. PATMOS-x improved the quality of the dataset through work with re-calibrating and re-navigating the data. The resulting TCDRs, such as various cloud properties, provide confidence to climate variability studies over the last 30 years [41] . -Geostationary Brightness Temperature-GridSat B1: The Gridded Satellite (GridSat-B1) data [19] facilitates geostationary data usage for a wide range of users. The complete dataset provides data from 3 channels: the CDR-quality infrared window channel (near 11 µm), the visible channel (near 0.6 µm) and the infrared water vapor channel (near 6.7 µm). The three-hourly International Satellite Cloud Climatology Project (ISCCP) B1 data are regridded to a 0.07 degree latitude equal-angle grid, resulting in a CDR that spans from 1980-present. The CDR merges satellites by selecting the nadir-most observations for each grid point. There are wide ranges of applications for this dataset. For example, Bain et al. [42] used this data set to derive ITCZ climatology in the East Pacific. -HIRS Channel 12 Brightness Temperature: The high-resolution infrared radiation sounder (HIRS) channel 12 (~6.52 µm) measures upper tropospheric humidity. HIRS level-1b data in conjunction with cloud-clearing, limb-correction, and inter-satellite calibration [43] provide necessary inputs to produce the Brightness Temperature FCDR. This dataset is extensively used in climate studies due to the high importance of upper tropospheric humidity in our climate system [44] . It is worth noting that there is a European Union (EU) project named fidelity and uncertainty in climate data records from earth observations (FIDUCEO [45] ) which has embarked on creating an FCDR covering all channels of HIRS instrument. -SSMI(S) Brightness Temperatures: The FCDR of Special Sensor Microwave Imager/Sounder (SSMI(S)) brightness temperature (Tb) dataset comprises window-channel Tb from a series of 10 microwave radiometers flown on board the Defense Meteorological Satellite Program (DMSP) series of satellites [46] [47] [48] . Six SSM/I instruments first flown on DMSP F08 in July 1987 provide the inter-calibrated data along with the data from four currently operational SSMIS instruments. This FCDR dataset provides input into a number of TCDR products including precipitation, sea surface wind speed, sea ice extent, snow cover, cloud liquid water, and total precipitable water content. Numerous publications have used this dataset to look at climate applications [49] .
The CDR of Precipitation Estimation from Remotely Sensed Information [22] using Artificial Neural Networks (PERSIANN) is produced primarily by using infrared brightness temperature data from GridSat-B1 FCDR as input to the trained PERSIANN algorithm. Rainfall estimates are bias-corrected using monthly Global Precipitation Climatology Project (GPCP) data. PERSIANN CDR is a daily product at 1/4˝spatial resolution. It spans 1983 to current (updated quarterly) with a nearly global coverage: from 60˝S to 60˝N latitude and 0˝to 360˝longitude. This global precipitation dataset is intended to support climatologists, hydrologists, hydrometeorologists, and hydroclimatologists in various forms of climate research and application, including extreme event (flood and drought) analysis [50] . -AVHRR Aerosol Optical Thickness: AVHRR AOT CDR provides an optical measure of aerosol column loading derived from the global ocean pixel-level PATMOS-x AVHRR clear-sky reflectance CDR at 0.63 µm channel on both daily and monthly scales. The current operational version of the product spans from 1981 to 2009 and has been used to study the long-term trends of aerosol loading [34] and air quality changes in coastal regions [51] . -AVHRR PATMOS-x cloud properties: These products provide high quality CDRs of multiple cloud properties along with AVHRR brightness temperatures [32] . Different algorithms were used to derive these cloud products during daytime and nighttime. They are output together with the inter-calibrated radiances and selected ancillary data as the Level-2b daily CDR products, which allow other applications and CDRs to be generated from the PATMOS-x CDR data, such as the above AVHRR AOT CDR (also in Figure 2 ). The PATMOS-x CDR data span 1978 to present and will be forward extended through 2020. The products have many applications, such as detecting and studying climate variability [52] , verifying and validating climate models [53] , energy and hydrology studies [54] , and supporting aviation safety [55] . -Ocean Near-Surface Atmospheric Properties and Heat Flux: Near-surface atmospheric temperature, humidity, and wind along with similar values at the sea surface describe essential aspects of the air-sea exchange. The Special Sensor Microwave/Imager (SSM/I), a passive microwave sensor, along with the sea surface temperature CDR provide this data after the application of a combination of statistical techniques using neural networks and diurnal warming parameterizations [56] . From these data, the near-surface fluxes of latent and sensible heat calculations produce a CDR on a three-hourly 0.25˝resolution grid over the global ice-free oceans. The products have been widely used in the surface energy budget analysis and water cycle study [57, 58] .
Outgoing Longwave Radiation: The amount of terrestrial radiation that is released to space and, by extension, the amount of cloud cover and water vapor that intercepts radiation in the atmosphere defines the daily and monthly Outgoing Longwave Radiation (OLR) CDR. Data (Level-1b) from the HIRS and GridSat-B1 are the primary inputs into the daily OLR record. Application of a combination of statistical techniques, including OLR regression, instrument ambient temperature prediction coefficients, and inter-satellite bias corrections produce the final record [59] . The products have been widely used in various applications, such as radiation budget studies and Madden-Julian oscillation (MJO) diagnostics and forecasts [26] . -Sea Ice Concentration: The sea ice concentration CDR provides a daily and monthly, time series of sea ice concentrations for both the north and south polar regions on a 25 kmˆ25 km grid [60] . These data comprise an estimate of the fraction of ocean area covered by sea ice that is produced by combining concentration estimates created using two algorithms developed at the National Aeronautics and Space Administration (NASA) Goddard Space Flight Center (GSFC). Gridded brightness temperatures acquired from a number of DMSP passive microwave radiometers provide the necessary input to produce the CDR. The product has applications that include studying and monitoring climate variability and providing guidance for the industries of shipping and fisheries. -Sea Surface Temperature-Optimum Interpolation: The NOAA 1/4˝daily Optimum Interpolation Sea Surface Temperature (or daily OISST) provides complete ocean temperature fields constructed by combining bias-adjusted observations from different platforms (satellite, ships, buoys) on a regular global grid, with gaps filled in by the interpolation [23] . Satellite data from AVHRR provides the main input which permits the high temporal-spatial coverage beginning in late 1981 to the present; this must be adjusted to the buoys due to erroneous cold SSTs following the Mt Pinatubo and El Chichön eruptions. Applications include climate modeling, resource management, ecological studies on annual to daily scales [61] . -AVHRR Surface Reflectance: Surface reflectance provides a measure of the fraction of incoming solar radiation that is reflected from Earth's surface in two spectral ranges of the AVHRR sensors: red (around 0.64 µm) and the near infrared (around 0.86 µm). As a key variable, surface reflectance supplies the primary input for essentially all higher-level land surface geophysical parameters, such as NDVI and LAI CDRs. The surface reflectance CDR delivers valuable surface information dating back to 1981 as a daily product on a 0.05˝grid [62] . It has been used to study long-term climate variability along with climate model verification and validation. -Land Area Index and FAPAR: The Leaf Area Index (LAI) and Fraction of Absorbed Photosynthetically Active Radiation (FAPAR) are biophysical variables that characterize the canopy and photosynthetic activity of plants. The one-sided green leaf area per unit ground surface area describes the LAI dataset. The fraction of the incoming solar radiation in the Photosynthetically Active Radiation spectral region that is absorbed by the plants defines the FAPAR data set. The LAI/FAPAR CDR is a daily product on a 0.05˝grid from 1981 to present derived from AVHRR sensors [62] . It can be used to evaluate vegetation stress and forecast agricultural yields [63, 64] [68] ) is making full use of Europe's Earth observation space assets to exploit robust, long-term global records of essential climate variables, such as greenhouse-gas concentrations, sea-ice extent and thickness, and sea-surface temperature and salinity. This sub-section briefly describes some of the CCI initiatives: -Aerosol CCI: Aerosol CCI [69, 70] was a three year intensive algorithm development effort that incorporated sensitivity analysis, validation and inter-comparison activities [71] , along with a round robin exercise of seven different retrieval algorithms [72] . It produced: (1) AOT and Ångström exponent (AE); (2) Stratospheric extinction profiles and aerosol optical thickness; and (3) Absorbing aerosol index (AAI). AOT/AE datasets are provided for two main purposes: climate aerosol model evaluation, data assimilation into global aerosol re-analysis/forecasting model systems. The stratospheric dataset is provided as a correction to the total column AOT retrievals (mostly relevant in the case of major volcanic eruptions) and for stratospheric climate model evaluation. The AAI dataset so far is the only information for aerosol absorption (though only qualitative at present) has been prepared for comparison to model datasets by developing a model AAI simulator and analyzing major sensitivities. -GHG-CCI: The Greenhouse Gas (GHG)-CCI [73] data products contain information on regional CO 2 and CH 4 surface fluxes (emissions and uptake) and, therefore, can be used to improve our knowledge of GHG surface fluxes. These products are generated with GHG-CCI "ECV Core Algorithms" (ECAs 
Industry and Commercial Applications
Due to the merits of CDRs, they are widely applied in climate-related scientific research, meanwhile, CDRs, especially ICDRs and TCDRs, are also utilized by industry and commercial companies and organizations to create commercial values, in the energy, food, and transportation industries. The applications fall into several categories of social benefits that are described in Section 4.
One example of the CDR application from the energy industry is demonstrated by 3TIER [85] , currently a subsidiary company of Vaisala, one of the world leaders in weather monitoring and measurement. 3TIER is running an assessment service for renewable energy projects. By combining SDRs from GOES, Meteosat, GMS and MTSAT (Multi-functional Transport Satellites), 3TIER developed a satellite derived ICDR composed of more than 15 years of hourly Global Horizontal Irradiance (GHI), Direct Normal Irradiance (DNI), and Diffuse Horizontal Irradiance (DIF) at a horizontal resolution of about 3 km covering the entire globe [86] . This ICDR is serving as the data basis for 3TIER Solar Prospecting tool for solar power plant site selection and efficiency estimation. The solar radiation CDR (SARAH) provided by CM SAF has also been successfully applied in the estimation of solar energy yield, by adapting it into the Photovoltaic Geographical Information System (PV-GIS) and improving PV-GIS performance obviously [87] .
CDRs also play an important role in the natural gas market. During the heating season, the price of natural gas is closely related to the temperature anomaly, which is connected with Madden-Julian oscillation (MJO). The MJO, in turn, can be predicted by the SST anomaly and outgoing longwave radiation anomaly [26, 27, 29] . The derivation of SST and OLR anomaly indices depends on the corresponding CDRs.
In the field estimating food production, CropWatch [88] is working on the long-term series of satellite vegetation observation. Normalized difference vegetation index time series are derived from CDRs of MODIS/AVHRR to estimate the crop yield, while high-resolution images from LandSat, EnviSat, and Radarsat are used to estimate the crop acreage.
For marine fisheries, satellite CDRs including ocean color, sea surface temperature, and sea surface salinity are retrieved and archived to support not only fish searching, but also marine resources management for more sustainable use [89, 90] .
CDRs are also helping the transportation industry. High resolution land images have been adopted in network transportation analyses [91] . For marine transportation, Synthetic Aperture Radar (SAR) images have been used for ice navigation in the Northern Sea Route [92] , while snow cover extent CDR [93] also contributes to the shipping route design in Arctic regions.
Long-term remote sensing data records are also applied in the insurance industry for assessment of damage from fire [94, 95] , flood [96] , hail [97] , and drought [98] . By carefully reviewing remote sensing applications for the insurance industry, Leeuw et al. [99] suggest remote sensing community should work more closely with insurance experts to promote more remote sensing application in insurance business.
Societal Benefit
It is helpful to briefly review the societal benefit of space remote sensing (RS), the foundation of satellite CDRs, in order to discuss the societal benefit of satellite CDRs. Most space RS applications could be inherited and extended to satellite CDR applications, except for real-time applications. Conversely, due to the short period of satellite CDR's history of production and application (comparing to space RS), the societal benefit of satellite CDRs still needs to be explored. Furthermore, potential societal benefits of satellite CDR applications could be revealed by reviewing space RS applications, especially from end-users' point of view.
The advancement of space RS observations of the Earth is driven by scientific inquiries and societal needs from the user sectors, such as agriculture, forestry, fishery, energy, health, water, transportation, and tourism. While each user sector has its own requirements, the retrieved meteorological and climatological information and atmosphere, land, and ocean conditions in various spatial and temporal coverages and resolutions, such as temperature, humidity, and precipitation, and surface condition, are prerequisites of almost every user sector, which will be discussed below.
Agriculture
Typical applications of the satellite RS observation on agriculture are precision agriculture and viticulture.
Crop monitoring is a core part of the precision agriculture management, whose goal is optimizing returns on inputs while preserving resources. It uses multispectral or hyper-spectral observations from visible and near infrared spectroradiometers; monitoring crops provides the capability to respond to the crop dynamics on particular field zone. The related information enables the agriculture companies to manage crop vegetation control, forecast crop yield, and optimize management decisions. Based on this information, investors and investment analysts can carry out potential estimation, make sustainable forecasts, and investment decisions; insurance brokers can calculate scale of rates and insurance premiums, and evaluate clients' claims verification. More importantly, some extremity of the information may be related to food security or ecological issues in the eyes of state or federal government [100] . The information of land use history may be beneficial by providing the best timing and place for a specific crop to grow, and help with inter-annual planning such as rotation and fallow.
Similarly, in the context of the grape and wine industry, precision viticulture may be defined as monitoring and managing spatial variation in any physical, chemical, and biological variables related to "productivity" (e.g., grape yield, Baume, pH, and total phenolics) within a single vineyard [101, 102] . The information includes environmental conditions, such as microclimate, topography, and soil, which have significant effects on wine quality, though their importance may differ at regional scales and the scale of individual vineyard blocks. Ultimately, yield and quality information may be estimated from monitoring of these factors using space remote sensing techniques and resulted CDRs and CIRs.
Forestry
Traditional applications of forestry include the mapping of forest area and health of the canopy. These mainly depend on multi-spectral observation since forest canopies respond to visible and infrared light differently. The observed canopy spectral properties can then be used to derive several types of vegetation indices (VI), or leaf area index (LAI) with the aid of radiative transfer calculations and vegetation classification map [103] . Different values of these indices may indicate barren, sparse, or dense canopy, thus it is natural to extend the application to monitoring land use and land change, deforestation (planned or illegal), forest seasonality in Amazon region [104, 105] , and response to extended drought in Congo region [63] . With long-term climate data, our understanding of the forest could be more consistent [106] .
Since the forest is the major storage of biomass on land area, its carbon exchange with atmosphere through photosynthesis and respiration becomes extremely important to understanding climate change. For this reason, forest management has a role to play in climate change policy and the development of the global carbon markets [107] . This duty can be performed through the synergy of satellite observation, ecological and economic modeling.
On the other hand, fires are inevitable companions of forests across the world, which can be detected from visible, thermal infrared, and active microwave, as well as a combination of these three bands [108] . In time, wildfire hazard monitoring may serve as a crucial part of the fire response system, and the time series of a wildfire hazard CDR may serve in better prevention.
Fisheries
"Satellite remote sensing has been an important technique in fisheries research, management and harvesting, because it provides synoptic ocean measurements for evaluating environmental influences on the abundance and distribution of fish population and allows ecological analyses at community and ecosystem scales [89, [109] [110] [111] . Satellite images combined with other data can be analyzed to find ocean environmental conditions suitable for fish aggregation. Therefore, forecast models depend heavily on inputs from satellite sensors, in addition to in situ measurements and observations. Fisheries-related satellite data include SST, ocean color (productivity), turbidity, sea surface salinity, ocean fronts and gyres, sea surface currents, winds and waves" [90] .
Early studies showed that satellite-derived fishery-aid charts could reduce 25%-50% of some US commercial fisheries search time [112] . Now, confronting the situation that nearly 80% of the world fish stocks are either fully exploited or overexploited, effective monitoring and management is required for (1) sustainable use of marine resources, e.g., to monitor fishing fleets at night due to their use of lights to prevent illegal fishing in protected regions of the ocean [113] and (2) protection of fish habitat and ocean ecosystem, such as coral reefs [114] , and satellite remote sensing continues to fulfill this requirement.
With the relatively long CDR data set, humans may achieve a more comprehensive knowledge of fish dwelling and migration, and their timing, and hence more strategic fisheries management.
Energy
Satellite observation may exert impacts on the following three components in energy system: demand, supply, and distribution. Accordingly, the CDR relative data sets may delve deeper into these components, and link them with other factors, such as population and/or gross domestic product.
Among an exhaustive list of energy supplies, altogether 9 kinds, 5 of them can be potentially assessed using remote sensing technologies, including biomass, solar [87] , wind, hydro, and heat transfer [115] . Wind energy, for example, transforms the kinetic energy of wind into electricity using rotating a turbine. Key variables to estimate wind energy are wind speed and direction, which can be measured from several onsite and space-borne instruments. A wind climatology data set (or CDR) could greatly help select the sites for a wind farm. Similarly, satellite imagery and CDR products can help in the exploration of oil, gas, and minerals.
According to a report of Global Science & Technology, Inc. Greenbelt, MD, USA [116] in 2007, power distribution systems were damaged with dry conditions and Santa Ana winds, and as a result, fueled massive fires burning 13% of San Diego Gas & Electric's service territory. The utility was found liable and the company paid $2 billion in hundreds of settlement cases. Afterward, they created an early warning and operational maintenance system using historical climate data. In a similar dry condition during 2014, the system saved the utility billions of dollars in avoided liability.
Health
The contribution of satellite remote sensing on human health may rely on monitoring infectious diseases, air quality, and water quality. With experience from remote sensing, a climatology from CDR may help with long-range prevention and protection.
Infectious diseases such as malaria, yellow fever, diarrhea and tuberculosis, are a heavy burden on human populations, killing millions of people each year, a major cause of work loss [117] . Even though it is not possible to directly identify mosquitoes in satellite data, one can locate mosquitoes and their effects, such as malaria, with high accuracy by identifying their habitat (commonly soil, water, rocks, flora, fauna, and air). Many successful examples have been reported, e.g., Hayes et al. [118] used Landsat data to identify mosquito larval habitats in Nebraska and South Dakota, USA, based on their association with freshwater plant communities. By cumulating the digital database with excellent temporal and spatial references, it is possible to analyze the relationships of vectors and diseases at landscape-level, and set alerts from season to season.
Satellite remote sensing of trace gases and aerosols for air quality applications has a rich history, and it has evolved dramatically over the last decade [119] by employing varieties of passive and active techniques. Aerosols, tropospheric O 3 , tropospheric NO 2 , CO, HCHO, and SO 2 are not directly observed, but retrieved through calculating the atmospheric composition that best reproduces the observed radiation. Major applications of retrieved trace gases and aerosols fall into three categories:
analyses and forecasts of events that affect air quality, inference of surface air quality, and estimates of emissions. As an example of the first category, Hutchison [120] presented a case study in which MODIS satellite data show pollution transport that led to 150 health advisories in Texas. Also, Zhao [51] studied air quality changes in coastal megacities by examining the long-term trends of aerosol optical thickness using AVHRR AOT CDR product.
To analyze water quality, suspended sediments, algae, aquatic vascular plants, and temperature need to be monitored, as these are the key pollutants listed by the Environmental Protection Agency, which estimated that approximately 40 percent of U.S. waters do not meet minimum water quality standards [121] . For example, using Landsat Thematic Mapper Data, suspended sediment in Lake Chicot can be mapped [121] . Higher spatial and spectral resolution may achieve better performance.
Water
It is beyond the limitation of this paper to enumerate the importance of water to human life, and the approaches to monitor water in various forms. Generally, water related applications fall into the following categories: health, flood, water resources and management [122] . We have addressed health category in Section 4.5, here we list briefly other categories.
With increasing populations and water usage coupled with climate variability and change, water issues are being reported by numerous groups as the most critical environmental problems facing us in the 21st century [123] . At the turn of this century, over 2 billion people on the Earth lacked adequate drinking water or sanitation; projected to 2025, population growth is expected to impact water availability more significantly than the impacts of greenhouse warming on water systems [122] . To address this water resource and management issue, a group of satellite-borne sensors keep monitoring evaporation [124] , atmospheric river [125] , clouds and precipitation [126] , surface water extent, elevations, water level, groundwater [127] , soil moisture [128] , etc. These Earth observations provide information for informed decision making and for monitoring conditions and progress at multiple spatial and temporal scales. Hence, most physical variables relating to these processes are identified as ECVs, and archived as CDRs. For example, other than directly monitoring global precipitation [22] , the PERSIANN-CDR can contribute to applications such as hydrological changes and flood increase [129] , fresh water resources over water-stressed islands [130] , and more.
Climate variability and changes, together with land use changes, have altered naturally occurring flood hydrographs. The patterns and extents of floods directly impact the economies, lives, and health of communities within flooded areas. As a consequence, floods and associated landslides caused more than 55% of the worldwide significant natural disasters during 2002-2011; they killed over 65,000 people, affected over 1.1 billion people and cost an estimated $280 billion (US Dollars in 2011), according to World Disaster Report [131] . The contribution of satellite remote sensing to this issue is two-fold: (1) directly mapping inundation area using optical or Synthetic Aperture Radar imagery; and (2) using remotely observation and derived CDRs of precipitation, land cover, vegetation, topography, etc. as inputs to hydrologic models for flood monitoring and forecasting [132] .
Due to the vital importance of water, the institutions, such as National Science Foundation, Department of Defense, NOAA and NASA have their own water related projects, e.g., NASA Applied Sciences Program [133] has supported such projects to meet the societal requirements.
Transportation
Satellite observations have successfully helped transportation in the following aspects: (1) environmental impact assessment; (2) infrastructure management; and (3) safety, hazards and disasters assessment [134] . These were achieved using hyperspectral and high-resolution optical observation, and light detection and ranging (LIDAR). The development of a transportation network, such as a highway system, is always accompanied by urban growth, and both of them would introduce environmental impacts, such as land use and land cover change, ecosystem, and air quality.
Transportation infrastructure is composed of planning, design, and maintenance of transportation assets, including pavements, bridges, pipelines, rail-lines, harbors, and airports. Remote sensing, together with Geographic Information System (GIS) and Global Positioning System (GPS) may provide information of location and their change through time, include general road centerline, precise road width, traffic count (cars, airplanes, etc.), parking [135] , bridge location, corridor location, etc.
Apart from safety and hazards, which are more relating to real-time application, remotely sensed transportation disasters generally come from extreme events (e.g., hurricane, gale), which are identified and separated from the normal condition determined from related CDRs. Now CDR related technology and data products are advancing our awareness and ability to monitor the transportation assets and forecast disastrous events, thus improving the public's avoidance and mitigation responses.
Tourism
The tourism industry is still in the early stages of using satellite observations, and in some aspects the usage is more often in GIS applications [136, 137] . Due to the specialty of tourism, the planning and management may overlap with other sectors, such as urban setting, transportation, water quality [138, 139] , and water level. For example, the issue of forest conservation in protected areas, including national parks [140, 141] , overlaps with remote sensing applications in the forestry industry.
Some tourism may relate to weather or climate, which need only small efforts from satellite observation community. For example, fall foliage coloration can now be monitored by means of temporally normalized brownness derived from MODIS data [142] , the precise position and timing is appreciated by leaf-lovers. Long-term satellite CDR can be beneficial by providing the best coloring time in a statistical sense so that tourists can be better prepared for their travel plan. Similarly, snow in ski areas is valuable information to skiers.
The needs of each public sector may spur the improvement of the observation system and the production chain; new improvements in the technology would in turn expand the coverage and intensity that can apply to the societal benefits. This feedback loop would go endlessly through the life span of the technology.
Conclusion
To sustain CDR production and service, the transition of algorithms, software, and products from research environment to operational environment, using well-developed standards, processes, and maturity requirements, is necessary. A two-phased research to operation transition is a feasible scheme. The first phase should focus on capturing the data set and the software that generated it along with other relevant information (documentation, metadata, read me files, etc.). The second phase involves "operationalizing" the software that generates the data set with a focus on software rejuvenation for portability and long-term maintenance. All the CDR products (source codes, documents, and datasets) should be freely accessible and with a production process that is publicly transparent. Transparency of CDR development and production processes and free open access of data products are essential to maintaining credibility of the CDR products themselves. In addition, further improvement of the operational CDRs through research is also necessary, especially when new observations and technology become available. The improved products can be treated as a new version of the CDRs and used to replace the old version though another round of R2O transition.
The application and societal benefit of satellite CDR are more in science in current stage and are going to grow into more societal sectors due to the legacy benefits from the space RS. In the application of societal sectors, though space RS and satellite CDR are similar, space RS is more practical and in a timely manner, while satellite CDR is more strategic and far reaching. For example, from the RS, one may determine in real-time, what is the good place for fish aggregation, while from CDR, one may gain the knowledge of the long-term spatial-temporal distribution of fish schools. Combined with the knowledge of the fish's life cycle, it is more convenient to estimate yearly fishing yield, manage fishing moratorium, design ship routes to avoid destroying the fish habitat, and design tourist routes to visit fish schools underwater. The production of ICDR in addition to FCDR and TCDR can also expand CDR user community from delayed-time users to near-real time users in various commercial sectors. The derivation of CIR can enhance satellite CDR application in decision making and public service. Leveraging the broader applications of environment data records (EDRs) from satellite remote sensing is also an effective way of enhancing CDR application. For examples, extending climate data records to broader long-term reference environment data records (REDRs) will benefit more user sectors.
Climate reanalysis data is another type of long-term climate record widely used in climate applications. Reanalyses are produced by a data assimilation system, which is a climate forecasting model adjusted to the observational data (such as satellite and in-situ measurements) using some numerical bias correction techniques [143] [144] [145] . The diagnostic meteorological fields output from the data assimilation system are climate reanalysis variables, which are widely used for climate studies. The assimilation in the system is normally performed on limited observational variables, such as radiance, temperature, etc. but many diagnostic meteorological fields are output on a regular grid as reanalysis variables for broader climate applications. However, any errors contained in the observational variables used for the assimilation will propagate into the output diagnostic variables even though the numerical bias correction techniques have been used to minimize the error propagation. Improving the quality of the input observational data (such as using CDRs as inputs instead of EDRs) for the assimilation system will reduce the error propagated from the input observational variables into the reanalysis variables. Currently, satellite EDRs are widely used as the observational input for the data assimilation systems to produce climate reanalysis products. Thus, we should perform the inter-comparison of CDR and reanalysis products and promote replacing satellite EDRs with CDRs in the future reanalysis production.
Climate data records are becoming increasingly important for numerous applications and societal benefit areas. This requires increased coordination and collaboration of CDR development, production, archive, dissemination, application, and service among scientists and organizations. Moreover, extending climate data records to broader long-term reference environment data records to benefit more user sectors will be a strategic step forward. In this way, we may achieve the goal of developing and implementing a robust, transparent, sustainable, and scientifically defensible approach for developing, producing, preserving, and provisioning CDRs and REDRs from satellite observations and in-situ measurements and thus providing an end-to-end data service to various user sectors and decision makers. China (grant No. 2015CB953703) and the National Natural Science Foundation of China (41371328 and 91537210). Three anonymous reviewers' comments and suggestions are helpful for the improvement of the manuscript. The views, opinions, and findings contained in this paper are those of the author(s) and should not be construed as an official National Oceanic and Atmospheric Administration or U.S. Government position, policy, or decision. 
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